Abstract Locally isolated fungus, Neurospora discreta, was evaluated for its ability to degrade lignin in two agricultural residues: cocopeat and sugarcane bagasse with varying lignin concentrations and structures. Using Klason's lignin estimation, high-performance liquid chromatography, and UV-visible spectroscopy, we found that N. discreta was able to degrade up to twice as much lignin in sugarcane bagasse as the well-known white rot fungus Phanerochaete chrysosporium and produced nearly 1.5 times the amount of lignin degradation products in submerged culture. Based on this data, N. discreta is a promising alternative to white rot fungi for faster microbial pre-treatment of agricultural residues. This paper presents the lignin degrading capability of N. discreta for the first time and also discusses the difference in biodegradability of cocopeat and sugarcane bagasse as seen from the analysis carried out using Fourier transform infrared spectroscopy.
Introduction
A country such as India generates nearly 350 million t of agricultural residues per annum [1] . A large portion of these residues is disposed of by burning or landfilling, resulting in severe environmental issues such as air pollution and groundwater contamination. However, unlike hazardous waste, agricultural residues essentially consist of biodegradable lignocellulosic biomass, which can potentially be used to produce biofuels and other value added productsconcentration, and (3) difference in syringyl to guaiacyl (S/G) ratios. Literature reports an S/G ratio of 0.23 for coconut coir [21] and 0.82-0.85 for sugarcane bagasse [22, 23] , making cocopeat harder to degrade compared to sugarcane bagasse, which was confirmed by our data.
Materials and Methods

Lignocellulosic Biomass Substrates
Sugarcane bagasse and cocopeat were both obtained from local vendors. They were chopped to 20-30 mm size, thoroughly washed with tap water and then dried at 80°C in a hot air oven till constant weight was achieved. The dried substrates were stored in air tight containers at 2-4°C.
Fungal Strains
Pure culture of Phanerochaete chrysosporium (NCIM 1197) was obtained from National Collection of Industrial Microorganisms, Pune and stored at 2-4°C. The strain was subcultured on potato dextrose agar (PDA) slants and plates by incubating at 28°C for 5 days. The fully sporulated plates were either used immediately or stored at 2-4°C. These working stock cultures were used for inoculating the submerged fermentations.
N. discreta was isolated from the bark of a Subabul wood tree. Light orange colored patches of fungus found growing on the bark were scraped using a sterile loop and streaked on a potato dextrose agar plate. The plate was incubated at 28°C, and cell growth was observed within 24 h of incubation. Within 48-72 h, abundant cell growth was observed with the characteristic orange colored filaments. Cells from the parent plate were subcultured once again onto multiple PDA plates and the culture was similarly maintained thereafter.
Fermentation Setup
Submerged fermentations were set up in 250-ml erlenmeyer flasks. Each flask contained 1 g of substrate (cocopeat or bagasse) and 0.5 g of sucrose in 100 ml Vogel's minimal media [24] . The flasks were covered with non-absorbent cotton plugs and autoclaved at 121°C for 15 min. A conidial suspension of each of the fungi was prepared by dislodging the filaments from agar via gentle scraping and adding the cells to a known quantity of minimal media. The fungal suspension was gently mixed and filtered through a sterile muslin cloth to obtain a homogeneous spore suspension. The final spore count was adjusted to approximately 10 7 cells/ml, and 1 ml suspension was used to inoculate each flask. The flasks were incubated at 30°C for 30 days. For each fermentation flask, a corresponding control containing the same quantity of substrate and minimal media was also set up without any cells. Each set was run in duplicate.
Sample Preparation
At each time point, one flask of each fungal strain was removed, and the contents were filtered to separate the liquid and solid fractions. The solid fractions were thoroughly washed with deionized water, filtered, and dried at 105°C till constant weight. The dried samples were analyzed for lignin content using Klason's method and S/G ratio using Fourier transform infrared (FTIR) spectroscopy.
The liquid fractions were centrifuged at 10,000 rpm for 10 min, and the clear supernatant was stored at 4°C for further analysis. These samples were analyzed for sugar content using dinitro-salicylic acid (DNSA) method and for the presence of aromatic compounds produced by fungal solubilization of lignin using UV-visible spectroscopy and reversed phase highperformance liquid chromatography (RP-HPLC).
Sugar Estimation
The concentration of total reducing sugars was measured by DNSA method [25] in the clear supernatant at regular time intervals. The concentration of reducing sugars in the samples was calculated using a standard curve plotted between the optical density at 540 nm and the concentration of standard glucose solution in mg/ml.
High-Performance Liquid Chromatography
The clear supernatant obtained from fermentation sets were analyzed for lignin degradation products using RP-HPLC method. Chromatographic separation was performed on Thermo Scientific BDS Hypersil C-18 column (250 × 4.6 mm ID, 5 μm particle size). The flow rate was 1 ml/min, injection volume was 25 μL, and the column temperature was set at 27°C. The mobile phase used was a mixture of two solvents: A, 1% acetic acid in deionized water, and B, 100% acetonitrile. A gradient elution with the following concentrations of solvent B was used: at 0 min-0 %; 5 min-3 %; 10 mins-6 %; 15 min-10% and 20 min-20 %. The baseline was monitored for 20 min before the next injection, and the elute was continuously monitored by a photodiode array detector at 254 nm. The data was integrated and analyzed using the Shimadzu Automated Software system. Liquid samples were collected on day 5, day 10, day 20, and day 30 of fermentation. The samples were centrifuged and suitably diluted before analyzing on RP-HPLC using the method mentioned above. The concentration of soluble lignin in the samples was calculated using a calibration curve plotted using standard alkali lignin (low sulphonate Kraft lignin from Sigma-Aldrich), which is a water-soluble lignin derivative.
UV-Visible Spectroscopy
Absorbance value at 420 nm was noted for the clear supernatant samples obtained on day 30 of the fermentation, using HITACHI U-2900 UV-visible spectrophotometer.
Fourier Transform Infrared Spectroscopy
The FTIR spectra of the solid samples before and after fungal treatment were acquired on FT/ IR 4200 spectrophotometer of JASCO Make. Sample pellets were prepared using 1 mg of sample and 100 mg of oven dried potassium bromide. For each spectrum, 64 scans in the range of 400 to 4000 cm −1 with a resolution of 2 cm −1 were conducted in the absorbance mode and averaged.
Percentage Lignin Degradation
The lignin content in the solid biomass samples was measured using standard Klason's method [26] . Total lignin content was obtained by adding the acid insoluble lignin measured gravimetrically and acid soluble lignin measured spectrophotometrically. Lignin content was measured before and after the fermentation to calculate percentage lignin degradation as follows.
Percentage lignin degradation ¼ initial lignin content−final lignin content ð Þ initial lignin content ð Þ
Results and Discussion
Characterization and Growth Characteristics of the Isolate
For the phylogenetic identification of the isolated fungus, 18s ribosomal RNA (rRNA) sequencing technique was used. In this technique, DNA was extracted from the sample and the small subunit rDNA (18S rRNA gene) was subjected to PCR amplifications using primers. The 18s rRNA gene sequences were later analyzed using BLAST nucleotide sequence for closest match. Since the presence of this species has not been reported in India, the strain was sent to two different laboratories for confirmation of reseults: Microbial Type and Culture Collection and Gene Bank (MTCC), Chandigarh and Yaazh Xenomics, Chennai, India. Both laboratories reported the fungus to be N. discreta. The ITS/5.8s rRNA gene sequence data from MTTC with 99.47% match is given in Fig. 1 . N. discreta was found to grow very rapidly, as long and thick filaments producing abundant spores in comparison to P. chrysosporium (Fig. 2) . The filaments develop a characteristic orange color over time, due to the accumulation of neurosporaxanthin, a carboxylic apocarotenoid [27] . To study the microscopic structure of the fungi, the specimens were stained with lactophenol cotton blue and observed at ×40 magnification using a phase contrast microscope attached with a digital CMOS camera with Art Measure Software, (Model: ARTCAM 130 MI Make: Artray Co., Japan). The thickness of the filaments was measured using the software at three different locations and averaged out. The average thickness of N. discreta filaments was found to be 50 μm while that of P. chrysosporium was about 6 μm (Fig. 2) . Figure 3 shows the sugar concentration at different time points during fermentation, assayed by DNSA method. The total reducing sugar content was measured as 5 mg/ml for cocopeat fermentation setups on day zero, while it was slightly higher (around 6 mg/ml) for sugarcane bagasse fermentations because of the free sugars present in the biomass itself. N. discreta rapidly utilized the sugar content in both cocopeat and bagasse fermentations. In the case of P. chrysosporium, an initial increase in sugar content is seen till day 8 and then a gradual decrease with time is noted, while in N. discreta, the sugar content rapidly decreased by day 5 and remained at a minimum value for the rest of the fermentation. This can be attributed to the higher growth rate of N. discreta compared to P. chrysosporium, which was also observed visually. 
Sugar Estimation
Analysis of Lignin Degradation Products
High-Performance Liquid Chromatography
The liquid supernatant from the submerged fermentation flasks was subjected to RP-HPLC to analyze the lignin degradation products. Soluble alkali lignin was used as a standard for comparison. A chromatogram of the standard alkali lignin analyzed using RP-HPLC is shown in Fig. 4e . The RP-HPLC analysis of the standard sample indicated the presence of a major peak at retention time of 2.9 ± 0.2 min along with other minor peaks. In the case of the N. discreta, a major single peak is seen at retention time of 2.9 ± 0.015 min which corresponds to the standard alkali lignin peak, while in P. chrysosporium samples, three smaller peaks are seen between retention times, 2.0 and 3.2, which changed with time. The additional lignin degrading enzymes (MnP and VP) in P. chrysosporium could be the reason for the more heterogenous profile. From Fig. 4a-d , a clear increase is seen in the peak height and the peak area in the time point samples as the fermentation progresses.
The concentration of the solubilized lignin (in mg/ml) in liquid supernantant samples was calculated from the calibration curve obtained from standard alkali lignin plotted at different dilutions. This data, shown in Fig. 5 , further confirms that sugarcane bagasse is much easier to degrade than cocopeat as it correlates with the Klason's lignin values as discussed later. In cocopeat fermentation, a gradual increase in area is seen from day 5 to day 30 with both the fungi. Clearly, N. discreta has shown higher concentrations of lignin degraded products on all the days. On an average, at the end of 30 days, a 1.8-fold increase is seen using N. discreta over P. chrysosporium for cocopeat biomass. In the case of sugarcane bagasse, a 1.3-fold increase in peak areas is seen with N. discreta over P. chrysosporium. There is no change seen in peak areas from day 10 to day 30, with both the fungi. This further confirms that it is easier to degrade lignin from bagasse which takes about 10 days of fermentation, while cocopeat with more lignin content and different structure takes more than 30 days.
UV-Spectroscopy
The lignin fraction contained in lignocellulosic biomass is hydrophobic and insoluble in water. White rot fungi are known to break down the lignin polymer into smaller aromatic subunits, causing some of these subunits to become soluble in water [28] . Literature reports that the lignin degradation pathway seen in C. (Neurospora) sitophila is similar to that found in white rot fungi [18, 29] . Low-molecular weight lignin degraded aromatic compounds like veratryl alcohol, guaiacol were detected in C. sitophila fermentations [17, 18, 29] . Literature recommends the use of wavelengths between 420 and 450 nm to measure soluble lignin degradation products [23, 30] . Hence, the absorbance of the liquid supernatant of day 30 samples were noted at 420 nm to detect the presence of soluble lignin derivatives, and their average absorbance values are shown in Fig. 6 . The absorbance values of bagasse samples with N. discreta were nearly twice that of P. chrysosporium. In cocopeat fermentations, as expected, the difference in absorbance values was lower compared to bagasse although N. discreta did result in a significantly higher absorbance compared to P. chrysosporium.
Analysis of Solid Substrates
Fourier Transform Infrared Spectrocopy Figure 7 shows the FTIR spectra of the solid substrates: sugarcane bagasse and cocopeat before and after fungal treatment as well as the S/G ratios for each sample. S/G ratios were calculated using absorbances at 1335 cm −1 (S) and 1275 cm −1 (G) as suggested in the literature [5] . These wavelengths represent the aromatic ring breathing of syringyl and guaiacyl units respectively. As seen from Fig. 7 , sugarcane bagasse has a significantly higher S/G ratio (1.0) compared to cocopeat (0.43). This agrees with the trend in S/G ratios reported in the literature and supports the hypothesis that sugarcane bagasse is easier to degrade compared to cocopeat owing to the structure of lignin. Also, the S/G ratio of bagasse stayed nearly the same with P. chrysosporium (0.94), while it decreased after treatment with N. discreta (0.8). We speculate that this could be due to the fact that P. chrysosporium degraded guaiacyl units along with syringyl units due to the presence of more evolved peroxidase enzymes. With N. discreta, the syringyl units may have been degraded to a greater extent compared to the guaiacyl units resulting in a decrease in S/G ratio. In the case of cocopeat, the S/G ratios increased significantly after treatment with P. chrysosporium (0.85) and slightly with N. discreta (0.53). This could be due to the unusually high guaiacyl content in cocopeat which may have altered the mechanism of fungal action. Further analysis is necessary to investigate this phenomenon.
Lignin Content by Klason's Method
The lignin content in the biomass samples at the beginning and end of the fermentations was estimated using Klason's method as mentioned above. The Klason's lignin content of cocopeat before fungal treament was 49 ± 1% and that of sugarcane bagasse was 21 ± 2%. Figure 8 shows the percentage lignin degraded by both fungi. In the case of sugarcane bagasse, the percent lignin degradation by N. discreta was nearly twice that by P. chrysosporium. In cocopeat samples, the lignin degradation was around 16% with both the fungal strains after 30 days. A comparison of delignification of cocopeat and bagasse shows that bagasse is easier to degrade compared to cocopeat. Lignin in sugarcane bagasse has a higher S/G ratio as discussed in the BFourier Transform Infrared Spectrocopy^section and is mainly composed of β-O-4 ether bonds, indicating principally linear chains, which makes it easy to degrade. On the other hand, lignin in cocopeat consists predominantly of guaiacyl units (lower S/G ratio). The main substructure present in the lignin of cocopeat are the β-O-4′ aryl ether, followed by β-5′ phenylcoumaran substructures and β-β′ resinol substructures. While β-O-4′ aryl ether linkages can be broken down by low redox potential enzymes such as laccases, for breaking the more condensed lignin linkages such as β-5′ phenylcoumaran structures, more evolved ligninases such as LiP, MnP or VP are required. P. chrysosporium and other basidiomycetes are known to produce laccases, lignin peroxidases, manganese peroxidases, and versatile peroxidases along with other accessory enzymes, which would all contribute to the degradation of the various lignin linkages in cocopeat. Although ascomycetes such as Neurospora primarily produce laccases and lignin peroxidases [16] [17] [18] 31] , the extremely rapid growth of N. discreta seems to compensate, thus resulting in lignin degradation in cocopeat similar to that by P. chrysosporium.
Conclusion
In this study, we have demonstrated for the first time that the indigenous fungal strain N. discreta can degrade lignin effectively in agricultural residues cocopeat and sugarcane bagasse. Its longer and thicker filaments, significantly higher spore count, and faster growth rate make it a promising alternative to white rot fungi for microbial pre-treatment of lignocellulosic biomass. Moreoever, as Neurospora is also known to possess the enzymatic machinery for hexose and pentose fermentation, it can be tested for complete bioprocessing of agricultural residues to produce ethanol. We also found that of the two substrates, sugarcane bagasse is much easier to degrade compared to the more recalcitrant cocopeat, owing to the difference in S/G ratios as discussed. Future work will focus on enhancing the effectiveness of N. discreta in lignin degradation as well as evaluating its ethanol producing capability. A more detailed study on the mechanism of fungal action on lignocellulosic substrates will also be carried out.
